Due to a series of systemic and intracellular obstacles in nucleic acid (NA) therapy, including fast degradation in blood, renal clearance, poor cellular uptake, and inefficient endosomal escape, NAs may need delivery methods to transport to the cell nucleus or cytosol to be effective. Advanced nanoscale biotechnology-associated strategies, such as controlling the particle size, charge, drug loading, response to environmental signals, or other physical/chemical properties of delivery carriers, have provided great help for the in vivo and in vitro delivery of NA therapeutics. In this review, we introduce the characteristics of different NA modalities and illustrate how advanced nanoscale biotechnology assists NA therapy. The specific features and challenges of various nanocarriers in clinical and preclinical studies are summarized and discussed. With the help of advanced nanoscale biotechnology, some of the major barriers to the development of NA therapy will eventually be overcome in the near future.
INTRODUCTION
Nucleic acid (NA) therapy refers to the use of NA molecules as tools and drugs for disease intervention at the genetic level. Currently, therapeutic NAs can be roughly classified into two types according to whether there is Watson-Crick base pairing complementary to the target sequence: NAs complementary to the target sequence, such as plasmid DNA, CRISPR-Cas, and other gene-editing tools, antisense NAs, ribozymes, deoxyribozymes, small interfering RNAs (siRNAs), microRNA (miRNA) analogs, and inhibitors; and NAs that are not complementary to the target sequence, such as mRNAs, aptamers, CpG, and decoy NAs. Alternatively, according to their different structures, NA drugs can be divided into DNA and RNA drugs. 1, 2 The history of NA therapy can be dated back to the 1970s. In 1978, it was revealed by scientists that antisense oligonucleotides (ASOs) could combine with target mRNA to form a DNA/RNA duplex and subsequently degraded target mRNA. 3 From then on, several ASO drugs were approved by the US Food and Drug Administration (FDA) and the European Commission (EC) for the next 40 years. In 2003, China's Food and Drug Administration (CFDA) approved the world's first gene therapeutic, Gendicine. 4 Most recently, two siRNA therapeutics, OnpattroÒ (patisiran) and GivlaariÔ (givosiran), were approved by the FDA in 2018 and 2019, for the treatment of the polyneuropathy and acute hepatic porphyria, respectively. 5 Meanwhile, more than 2,000 clinical trials of NA therapies are underway, and more NA drugs are in the pipeline of biopharmaceutical companies. These data show us that the NA pharmaceutical industry is booming today.
Different from traditional drugs such as small molecules and antibodies, NAs enter into cells and mainly rely on endocytosis mechanisms. 6 They need delivery vectors to transport to the cell nucleus or cytosol to be effective. Currently, viruses are the most efficient NA delivery vectors used to develop human therapeutics. However, the immunogenicity and biosafety constraints are still huge limitations of virus vectors. Eligible NA delivery systems that balance tractability, transfection efficiency, and safety are key pharmaceutical technologies pursued by pharmaceutical companies. Optimistically, advanced nanoscale biotechnologies provide great chances to achieve this goal. Nanotechnology-based delivery systems can be designed to perform a variety of functions, including precisely targeting tissues or organs as well as protecting their payload NAs from rapid degradation. This review aims to highlight the nanoscale biotechnology-assisted NA therapies and summarize various nanocarriers in clinical and preclinical studies and their specific features.
The protein-expression modalities of NAs mainly include DNA and messenger RNA. DNA locates in the nucleus and plays an important role in storing genetic information. Messenger RNA is transcribed from the DNA template and serves as a bridge between DNA and protein. Protein expression was discovered in the 1990s by injecting DNA or messenger RNA directly into the target organ. 7 This effect prompted the widespread application of NA vaccines. In the following decades, plasmid DNA and viral DNA became very hot research subjects, while messenger RNA was underappreciated due to its poor stability and high manufacturing costs. With the overcoming of technical obstacles such as the stability and immunogenicity of mRNA, mRNA-based therapy has gained new attention and has been widely studied and applied in the fields of protein replacement therapy, cancer immunotherapy, and infectious disease vaccines. [8] [9] [10] [11] In addition, mRNA does not have the risk of genomic integration, does not need to cross the nucleus membrane to function, and is expressed instantaneously, which in the opinion of some researchers is an advantage over DNA therapy. With the surge in the number of mRNA clinical trials in the last decade, the renaissance for mRNA therapy has arrived.
RNAi-Based Therapeutics
RNA interference (RNAi) refers to the universal phenomenon of highly specific degradation of homologous mRNA induced by double-stranded RNA (dsRNA), which is conserved in eukaryotic cells. 12 RNAi not only resists the invasion of viral NAs, but it also regulates gene expression through a post-transcriptional gene silencing mechanism. 13 The constituent members of RNAi therapeutics mainly include siRNA, miRNA, and anti-miR. A typical siRNA molecule is composed of 21-23 nt, with 2 nt suspended at the 3 0 and 5 0 ends, respectively. It has two chains, that is, a sense and antisense chain, in which the antisense chain is completely complementary to the target mRNA and degrades it, thus preventing the mRNA from translating into protein. 13 For miR, it originates in the nucleus and is processed and matured in the cytoplasm. Endogenous and natural miRs are single-stranded RNA molecules of~22 bp in length. 14 Synthetic miRs contain sense and antisense double-stranded structures to keep their stability. siRNA and miR are first loaded into an RNA-induced silencing complex (RISC) and then bind to their targeted mRNA molecules with the help of an activated RISC complex. Subsequently, siRNA degrades mRNA and prevents the mRNA translation process, whereas miR only inhibits the expression of targeted mRNA without degrading it. 15, 16 Anti-miR is an antagonist of miR and, as its name implies, it is complementary to the targeted miR and inhibits the latter's activity. 17 Anti-miR is a synthetic single-stranded structure that is mainly used to upregulate the restricted gene expression level. Such limited gene expression is often caused by the miR. Using anti-miRs to suppress the activity of tumor progression-associated miR is a promising direction for the development of anti-cancer drugs.
ASOs
An ASO is a kind of single-stranded deoxynucleotide analog with a length of 15-20 nt. 18 It is the earliest and most mature species in the field of nucleotide drug development. Its antisense sequences (3 0 to 5 0 ) bind to target mRNA in a complementary manner, thereby inhibiting specific gene expression at the transcriptional and translational levels. ASO and siRNA have many similarities; for example, their biological distribution in vivo is similar, their target molecules are RNA, and both of them inhibit gene expressions. 13, 18 However, ASOs have a variety of mechanisms, including (1) binding to target mRNA to activate the activity of RNase H enzyme, thereby inducing target RNA degradation; (2) preventing ribosome from binding to mRNA through the steric hindrance and inhibiting the translation of target mRNA; and (3) selectively promoting the expression of a variable spliceosome by shutting off the splicing sites, thereby correcting erroneous splicing. [18] [19] [20] The diverse action mechanisms have attracted more and more pharmaceutical companies to join the field of ASO drug development, and the indications for ASOs are gradually expanding, from rare diseases to cardiovascular diseases, inflammation, infectious diseases, and metabolic diseases.
Gene-Editing Modalities
Gene-editing technology was discovered more than 30 years ago. Before the emergence of the CRISPR-Cas system, zinc finger nuclease (ZFN) technology and transcription activator-like effector nuclease technology (TALEN) were predominant. It was not until the last 6 years that the CRISPR-Cas9 system emerged and quickly became the most popular gene-editing tool. The CRISPR-Cas system is based on an RNA-guided adaptive immune system that bacteria and archaea have evolved over time to defend against viruses and phage DNA. 21, 22 CRISPR-Cas, ZFN, and TALEN all have the ability to edit complex genomes. Compared to ZFN and TALEN, the CRISPR-Cas system is simpler, easier to operate, and more effective because it requires only a small piece of guide RNA (gRNA) to recognize a specific target sequence. To date, nucleases encoding plasmid vectors have been used for precise gene editing. 23 However, the continuous expression of nucleases in plasmids also increases the chance of off-target gene editing. In recent years, successful cases of gene editing using mRNAs that instantaneously express ZFN, TALEN, and Cas protein have emerged. [24] [25] [26] For example, precise gene editing was achieved in mice using zwitterionic amino lipids (ZALs) to deliver single-guide RNA (sgRNA)-and mRNA-encoding Cas9 protein. 25 Cas9 mRNA and sgRNA delivered by red blood cell (RBC)-derived extracellular vesicles (EVs) also showed efficient gene editing in both human cells and xenograft mouse models. 27 These nanoscale non-viral delivery systems provide powerful tools for in vivo gene editing.
Aptamers and Ribozymes
NA aptamers, which are capable of binding to their target molecules specifically, are considered to be one of the most promising directions in NA therapy. 28 Both DNA and RNA molecules are able to form complex three-dimensional structures including aptamers and ribozymes. By using the systematic evolution of ligands by exponential enrichment (SELEX) method, promising candidate aptamers are selected. 29, 30 NA aptamers are mainly used to study the interactions between NA sequences and other molecules (mainly proteins). They can be easily produced and chemically modified with high stability, reproducibility, and minor immunogenicity and toxicity. Such features lay a good foundation for the development of aptamer-based biosensors, diagnostic systems, and medicinal drugs.
Ribozymes represent another kind of NA therapeutic, including naturally occurring RNA molecules and synthetic DNA molecules with catalytic capacity. They are capable of catalyzing the cleavage and connection of the phosphodiester bond of NAs. 31 Since most ribozymes possess enzymatic self-cleavage of RNA backbone, they are used to cleave specific RNA transcripts and regulate gene expression. At present, ribozymes are widely studied in developing treatment for cancer and infectious diseases. 32, 33 They are attractive anti-cancer drugs that directly induce cleavage or replacement of target RNA, thereby retarding tumor cell growth. For viruses with an RNA genome such as HIV/AIDS, ribozymes are capable of degrading viral genomic RNA, inhibiting virus entry into cells, and preventing RNA replication and new virus production. 34 In addition to the natural RNA ribozymes, DNAzymes, single DNA molecules with catalytic activity, are also obtained through in vitro screening technologies. Different from ribozymes, DNAzymes are capable of recruiting metal ions, small molecules, and bacterial pathogens for catalysis. Thus, DNAzymes are used for detecting metal ions, small molecules, and NAs related to disease diagnosis. 35, 36 Moreover, coupling DNAzymes with aptamers to make aptazymes enabled detection of a broad range of signals with highly specificity. 37 Until now, ribozymes and DNAzymes still have a long way to go in treating human diseases. Their stability, delivery, expression, and structure design need to be further explored and solved. ADME of Oligonucleotides ADME refers to the process of absorption, distribution, metabolism, and excretion of new exogenous chemicals in the body. Although there are many kinds of NA therapeutics, only a few oligonucleotides (ASOs, siRNAs, and miRNAs) have relatively complete ADME data so far. Furthermore, their pharmacokinetic properties depend largely on the type of chemical modification on their backbone or ribose sugar, as the chemical modification strategy is directly related to the biostability of oligonucleotides and their binding performance to plasma proteins. It is reported that phosphorothioate (PS)-modified DNA showed beneficial effects on blood clearance, biodistribution, and cellular uptake of oligonucleotides through nonspecific combining with plasma proteins. However, 2 0 modifications on the ribose sugar led to high resistance against enzyme degradation and prolonged the half-life of oligonucleotides in the body. 20, 38, 39 Owing to the low absorption efficiency of oral oligonucleotides in the gastrointestinal tract, most unformulated or formulated oligonucleotide drugs are currently administered through parenteral routes, such as intravenous infusion (injection), subcutaneous injection, or local administration. For example, ASOs with PS modification combine with plasma proteins at >90% and exhibit a short distribution halflife of 1-2 h. Tissue accumulations occur mainly in the kidney, liver, spleen, lymph node, adipocyte, and bone marrow. However, unformulated siRNAs with a PS modification are eliminated in the blood in a few minutes after administration, with no detectable siRNA in the tissues. 20, 39, 40 This is the most important reason why siRNA is considered to be of poor bioavailability in vivo, requiring delivery systems and optimizing modification strategies. Other studies reported that locked nucleic acid (LNA)-modified anti-miR-122 was efficiently up taken by the liver cells through intraperitoneal or intravenous injection. [41] [42] [43] The biodistribution characteristics of ASOs in organs of different species are similar. However, under similar dosages, rodent tissues generally have lower drug concentrations (mass per gram of tissue) than do those of dogs and monkeys, while dogs, monkeys, and humans have similar pharmacokinetic characteristics. 20 The main metabolites of unmodified ASOs are oligonucleotides with one base missing at the 3 0 end, which will be further degraded into oligonucleotides with two or more bases missing. After introducing modification of ASOs with the second generation of chemical modification technology such as 2 0 -methoxyethyl, the metabolites of ASOs are oligonucleotides of much shorter endonuclease cleavage products. 44, 45 Most metabolites are ultimately excreted in urine and minor amounts are cleared through biliary elimination. 46, 47 
Clinical Advances of NA Therapies
As an early developed NA therapeutic species, there are dozens of DNA-based gene therapeutics currently on the market. The first commercialized gene therapy, Gendicine, developed by Shenzhen Sibiono GeneTech, was approved by CFDA in 2003 for treatment of head and neck squamous cell carcinoma. 4 It is a first-in-class DNAbased, adenoviral serotype-5 (Ad5) vector-mediated gene therapeutic. Data collected from the clinic in past years proved that Gendicine still produced 30%-40% complete response (CR) and 50%-60% partial response (PR), with a total response rate ranging from 90% to 96%. 4 Inspired by the success of Gendicine, several other gene therapy products based on viral vectors had expedited development. In December 2017, Luxturna, also an adeno-associated virus (AAV)based DNA therapeutic for patients with vision loss, was approved by the FDA. 48 Until now, virus vectors have been widely used in gene therapeutics development. Among more than 2,500 gene therapy-associated clinical trials conducted since 1989, around 20% involved adenoviral vectors. Most DNA-based therapeutics are used in cancer therapy, infectious disease vaccines, and protein replacement therapy. The clinical application of mRNA therapy is very similar to DNA, and nearly 100 clinical trials are currently underway. However, these trials have not yet advanced to commercialization.
ASO is also an early developed and mature species in NA therapy. To date, several ASOs have been approved by the FDA or EC, and more than 100 are undergoing clinical trials. Another hot NA species that works by interfering with gene expression of disease-related target mRNAs is siRNA. The first siRNA clinical trial was initiated in 2004, and since then more than 30 siRNAs have been validated in clinical trials. In 2018, the world's first siRNA drug Onpattro When administered intravenously, the therapeutic NAs are easily degraded by endonucleases in physiological fluids, resulting in rapid renal clearance and short circulation time in the blood. It has been shown that the half-life of plasmid DNA following intravenous infusion in mice is only 10 min. 50 Intracellular transport of NAs begins in the early endosomes and then transfers to lysosomes containing various nucleases. NAs are negatively charged molecules and large in size, so they cannot diffuse across cell membranes. 51 Even if a small amount of NAs is taken up by cells, they may remain in the lysosome, resulting in poor therapeutic efficiency. In addition, the bioavailability of NAs may be impeded by endothelial barriers, liver retention, renal clearance, and unexpected tissue accumulation. 51 These barriers significantly limit the development of NA therapy.
Inspiringly, the continuous improvements and innovations in nanotechnology-associated strategies will assist in breaking through these barriers. Owing to their specific size, high drug-loading efficiency, unique physical and chemical stability, and other factors, nanocarriers have attracted extensive interest in NA delivery. 52 They have great potential to improve NA stability, delivery, and drug-loading efficiency, avoiding their degradation and ensuring controlled drug release.
Improve Stability and Avoid Degradation
Nucleases are vital for organisms to avoid virus invasion and missense RNA/DNA accumulation. 53 However, they are also responsible for the poor stability of NAs. Several chemical modification strategies have been used to improve the stability of therapeutic NAs, such as the introduction of bases, sugar, backbone, phosphodiester linkage modifications, or synthetic nucleotides, thus significantly improving the therapeutic efficiency. Most chemical modification strategies of NAs have been extensively reviewed. 54 Entrapping NAs in a suitable nanocarrier is another strategy to avoid endonuclease degradation and prolong the half-life of NAs. After interaction with nanocarriers to form nanoparticles (NPs), the dense packing of NAs inside or on the surface of NPs increases the steric hindrance of the entire system, leading to steric inhibition of nuclease degradation. In a typical example, the degradation rate of the gold NP (Au NP)/oligonucleotide complex was much slower than that of free oligonucleotides due to the increased steric hindrances. 55 The condensed structure of NP further protected NAs from exposure to nuclease or other destructive enzymes, thereby improving NA tolerance and pharmacokinetics in blood. 49, 56 Another benefit of nanocarriers is that they can significantly increase the amount of NAs at the target site. At the same dose, free NAs can hardly reach an effective therapeutic concentration, while NA carried by nanocarriers can. Our previous study found that ultra-small 2-nm Au NPs were able to maintain the stability of oligonucleotides, and Au NP/ oligonucleotide nanocomplexes were more likely to achieve effective drug concentrations than were free oligonucleotides. 57 A similar effect was also proven using in vivo research. 58 
Improve Delivery and Promote Lysosome Escape
How to deliver NA molecules to the target site safely and efficiently is the bottleneck problem of most NA molecules. Both viral and nonviral carriers are used for NA delivery. A few modified viral carriers have been approved for treatment of human disease or tested in clinical trials, including retroviruses, lentiviruses, adenoviruses, and AAVs. 59 However, drawbacks such as immunogenicity and carcinogenesis are still associated with viral carriers. 50 Non-viral carriers have great potential to break these limitations, especially from a safety standpoint (Figure 1 ).
Nanoscale non-viral vectors have aroused great interest since their emergence. Nanomaterials are small in size (a few to a hundred nanometers) and have a large surface area-to-volume ratio. These unique properties allow them to efficiently carry and absorb other substances, and become a source of materials for constructing new drug delivery systems. 60 Various types of nanocarriers have been used for NA delivery, including liposomes, polymeric NPs, inorganic NPs, dendrimers, DNA/RNA nanostructures, and others. (Figure 2 )
Many solid tumors have leaky vasculatures and incomplete lymphatic drainage systems, and nanocarriers are more preferential to accumulate in such circumstance. 61 This characteristic, known as the enhanced permeability and retention (EPR) effect, has been extensively explored in nanocarrier-assisted cancer therapy. [62] [63] [64] The EPR effect along with prolonged circulation time of NA nanoparticles (NANPs) greatly improve the NA therapy efficiency. [65] [66] [67] Additionally, NPs are able to achieve active targeted delivery through functionalization with specific cellular molecules. 68 In this case, therapeutic NAs accumulate at the intended sites, which not only improves the treatment effect but also avoids unexpected side effects in other tissues. [69] [70] [71] [72] Sometimes nucleus is considered as the final barrier for effective NA therapy, specifically for the delivery of DNA vaccines and genome-editing nucleases. 73 Small molecules have the ability to transport into or out of nucleus by free diffusion, but macromolecules larger than 9 nm cannot pass through the nucleus freely. 74 However, ultra-small NPs delivered NAs efficiently into the nucleus, yielding excellent anticancer results. 57 As we mentioned above, NAs are easily trapped in endosomes and lysosomes after cellular uptake. Specially designed nanocarriers allow more NAs to escape from endosomes and lysosomes, resulting in effective NA therapy. 75, 76 It was reported that bioreducible and cationic polymer poly(beta-amino esters) (PBAEs) promoted miRNA escape from endosome to cytoplasm. 77 Fluorinated dendrimers and polymeric NPs exhibited better NA delivery in serum due to potent endosomal disruption caused by serum protein adsorption resistance. [78] [79] [80] Achieve High Loading Efficiency and Controlled Drug Release
Many nanocarriers have a large surface area and cavity, such as porous silica, micelles, dendritic macromolecules, liposomes, and others. Drugs or NAs are absorbed on their surface or encapsulated in their cavity. The NA loading efficiency will be greatly improved by selecting a proper nanocarrier and adjusting its physical and chemical properties. Compared with silica NPs, bioactive glass (BG) NPs show 45-fold improvement and 7-fold enhancement in diclofenac sodium and miRNA loading, respectively. 81 In addition to BG, nanomicelles, polymeric core-shell NPs, and others also showed high loading capacity for exogenous therapeutic NAs. 82, 83 Controlled drug release is beneficial to improve drug efficacy and reduce side effects as the release behavior of the drug is limited, and thereby the amount and release rate of drugs can be adjusted selectively. In order to minimize side effects of drug on normal tissues and cells, novel strategies are needed to control drug release, especially if the drug is toxic. Nanocarriers with porous, multiple layers and hollow structures are easily engineered into a controlled drug release system. Liposomes, 84 shell-like structure nano-robots, 85 as well as some stimuli-sensitive smart nanosystems 86 have gained interests to achieve controlled release of NAs.
Nanocarriers Used for NA Delivery Lipid-Based Nanocarriers
Lipid-based nanocarriers, including liposomes, lipid NPs (LNPs), lipid emulsions, lipid implants, and others, are one of the most widely used non-viral vectors for NA therapy. Phospholipids containing liposomes were first testified in the 1980s to deliver SV40 DNA to monkey kidney cells. 87 Such spherical, self-assembled closed structures consist of an inner aqueous phase encircled by one or several concentric lipid bilayers (Figure 2A ). Liposomes composed of classical cationic lipids, such as N-[1-(2, 3-dioleoyloxy) propyl]-N,N,N-trimethylammonium chloride (DOTMA), 1,2-dioleoyloxy-3-trimethylammonium propane chloride (DOTAP), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), were previously used for both in vitro and in vivo delivery of DNA, siRNA, and mRNA. In recent years, they also showed promise in delivering mRNA to dendritic cells with high efficiency for cancer immunotherapy. The excipient DLin-MC3-DMA ((6Z,9Z,28Z,31Z-heptatriaconta-6,9,28,31-tetraen-19-yl-4-(dimethylamino)butanoate) used in patisiran (a liposome formulation) is an ionizable, pH-sensitive lipid. A typical ionizable lipid is composed of hydrocarbon chains, linker, and headgroup. Liposomes composed of ionizable lipids are neutral at a physiologic pH environment, while under acidic pH conditions, such as endosomes and lysosomes, they are ionized and protonated, which further triggers osmotic lysosome and endosome rupture. As a result, siRNAs successfully escape from the endosome/lysosome and trigger RNAi in cytoplasm for hATTR amyloidosis therapy. Besides DLin-MC3-DMA, dozens of other ionizable lipids were investigated preclinically and clinically, including cKK-E12, 88 DLin-KC2- 89 L319 (di((Z)-non-2-en-1-yl) 9-((4-(dimethylamino)butanoyl)oxy) heptadecanedioate), 90 C12-200, 91 and others. Some representative nanocarriers used for NA therapy are shown in Figure 2 .
The liposome/NA complexes that are formed mostly rely on the electrostatic interactions between positively charged lipids and negatively charged NAs. Liposomes and siRNAs are condensed into slightly positively charged nanocomplexes, which are subsequently delivered to negatively charged cells for uptake, internalization, escape, release, and expression. Although this process is efficient and straightforward, major issues such as the cationic lipid-associated cytotoxicity, off-target effects, and limitation of transfected cell types still need to be addressed. Meanwhile, advanced technologies such as bio-orthogonal liposome fusion, 92 click chemistry, 93 and surface engineering 94 developed in recent years are also expected to combine with lipid nanocarriers to develop more effective, precise, and safe NA delivery systems.
Polymer-Based Nanocarriers
Polymers and their derivatives are another major material source for drug delivery systems. Various polysomes formed by polymers, e.g., NP, nanomicelle, dendrimer, hydrogel, and nanoemulsion, are widely used NA nanocarriers. The first clinical application of nanoscale biotechnology in targeted siRNA therapy is the use of natural polymer cyclodextrin as the carrier for siRNA delivery. 50 Cyclodextrin is a natural macrocyclic oligosaccharide with internal hydrophobic and external hydrophilic structures, which can interact with NAs at the external structure and improve their stability. Although cyclodextrin is capable of promoting cell membrane permeability, its toxicity pre- vents it from being applied in the clinic. [95] [96] [97] Other natural polymers such as chitosan, [98] [99] [100] hyaluronic acid, 101 dextran, 102 and gelatin, 54 are also widely studied biocompatible carriers for NAs.
In addition to natural polymers, a large number of synthetic polymers are excellent NA carriers, e.g., the classic and cationic polymer of polyethylenimine (PEI), poly-L-lysine) (PLL), poly[(2-dimethylamino)ethyl methacrylate] (pDMAEMA), and polyamidoamine (PAMAM), newly developed polymers of hDD90-118, 103 N5, 104 and PAA8k-(2-3-2), 105 and others. Since 1995, PEI has been used as an ideal cationic delivery carrier for NAs. 106 To improve its performance, block co-polymers of PEG-PEI were used instead of PEI to decrease toxicity. 107 As one of the most important pH-sensitive cationic polymers, pDMAEMA is widely used for DNA, siRNA, mRNA, and miRNA delivery with acceptable cytotoxicity and combined transfection efficiency. [108] [109] [110] [111] [112] Notably, some polymers have been found to have a dual function, providing therapeutic benefits while also serving as delivery vehicles. For example, PolyMetformin, a polymer derivative of drug metformin with anti-cancer and anti-diabetic effects, was capable of delivering siRNA for RNAi therapy and did not lose its anti-cancer properties. 75 Another polymer, a near-infrared absorbing dendronized semiconducting polymer, delivered DNA efficiently as well as controlled gene expression spatiotemporally together with a heatinducible promoter. 113 Among the various types of polysomes, a nanoemulsion is the colloidal dispersion of two immiscible liquids (usually oil and water) with diameters of 10 to several hundred nanometers. [114] [115] [116] It overcomes the major problem of liposome or particle aggregation. 117 Besides intravenous injection, local administration of nanoemulsions, such as oral and intranasal administration, also showed improved gene transfection efficiency. 118, 119 Dendrimer is another popular, highly branched, radiation-like functional polymer-based nanocarrier. With an inner core, an amidoamine backbone, and multiple terminal amine groups, dendrimers have additional compartment space for loading NAs. 8, 120 In some cases, cationic amphiphilic dendrimer composed of PEG-PLA polymer and G0-C14 dendrimer showed synergistic anti-cancer effects by encapsulating chemotherapeutic drugs in their hydrophobic interlayer and NAs in their hydrophilic cavity. 121, 122 Polymeric micelle has been actively studied in the field of polymer chemistry. It is self-assembled from synthetic block copolymers or graft copolymers and possesses an inner hydrophobic core and an outer hydrophilic shell. Compared with other charged macromolecules such as proteins, NAs more favorably incorporate into the inner core of micelles formed from positively charged polymers through ionic interaction. Therefore, NAs such as CRISPR-Cas incorporated into polymeric micelles are very stable. 123, 124 These advantages make polymeric micelles a very suitable nanocarrier for in vivo and in vitro NA delivery.
Inorganic and Hybrid NPs
Inorganic NPs are emerging as a research hotspot of NA carriers, as they have the advantages of precise size control, tunable surface properties, and high drug loading efficiency. Frequently used inorganic NPs for drug delivery include metal NPs, quantum dots, and calcium-based NPs such as calcium phosphate, [125] [126] [127] Au NPs are one of the preferred carriers for NAs. Au NPs are easily fabricated with an ultra-small size (smaller than nuclear pore complex), which is crucial for nuclear targeting via nuclear pore complex. 128 Besides, the functional diversity of Au NPs is achieved easily by modifying different bioactive ligands e.g., peptides, polymers, NAs, and antibodies on their surface. 129 It is reported that actively targeted Au NPs with cyclic RGD peptide decoration showed excellent anti-cancer effects after systemic administration. 130 Spherical NA (SNA) Au NP conjugates (13-nm Au NPs functionalized with densely packed and highly oriented NAs through thiol groups) naturally penetrated the skin and entered keratinocytes without the need for transfection agents. 131 The strong interaction between thiol and Au NPs is a reliable way to decorate and functionalize Au NPs. In addition, the calcium-based NPs are new choice for pH-responsive delivery of NAs. When the environmental pH decreases, the solubility of calcium phosphates trended to increase and dissolve into ions, thus releasing the loaded NAs in the acidic environment such as lysosome. 132 Hybrid nanosystems, or nanocomposites, combine the benefits of different nanomaterials to provide an attractive platform for NA therapy. Although some inorganic NPs such as Au NPs exhibit great potential for targeted delivery of therapeutic NPs, their application may be hindered by their user-unfriendly nature. The combination of polymers and inorganic NPs to form polymer nanocomposites often performs better than when each is used alone. For example, a hybrid nanocarrier composed of Au NPs and poly(dimethylaminoethyl acrylate) increased the DNA therapeutic efficiency as well as reduced adverse effects. 133 Another hybrid nanogel composed of Au NPs, tumor-targeting endosomolytic peptides, and siRNA achieved a triple combination of chemotherapy, phototherapy, and RNAi therapy. 134 Table 2 includes some typical types of nanocarriers used for NA therapy and their clinical stages.
Self-Assembled NA Nanostructures
In recent years, the discovery that DNA is capable of self-assembling into nanostructures has extended its biological function far beyond carrying genetic information. Because its complementary sequences can be accurately predicted, DNA may be engineered into various advanced morphologies and multi-dimensional architectures. Some self-assembled DNA nanostructures could even be taken up by cells without the aid of other transfection reagents. 135 It was re-ported that rectangular DNA origami nanostructures exhibited preferential renal uptake in mice, and had excellent kidney-protection performance, which was comparable to clinical renal protection drugs. 136 Through hybridization, DNA nanostructures were used for multiple therapeutic NAs delivery, including siRNAs, 137 ASOs, 138 gRNA of the CRISPR-Cas9 system, 139 and aptamers. 140 Recently, an autonomous DNA nanorobot engineered by DNA origami technology was programmed to transport thrombin and present it specifically in tumors. In this system, thrombin was encapsulated in the inner cavity of the nanorobot to induce intravascular thrombosis, and DNA aptamer was functionalized on the outside of the nanorobot to provide a nucleolin targeting domain and a molecular trigger for the mechanical opening of the DNA nanorobot. The novel DNA nanorobot integrated tumor-targeting and controlled drug release, which showed a broad prospect of DNA nanotechnology in precise cancer therapy. 141 Afonin and Shapiro 142 developed a split-functionality approach using programmable R/DNA hybrids to trigger the release of siRNA. They first split siRNA into two R/DNA hybrids. When the hybrids existed in the same circumstance, they recognized each other through toehold interaction, re-associated, and released siRNA in the cell. This split-functionality approach can also be used to introduce other functionalities such as aptamer, fluorescent dye, targeting agents, and others.
Similar to DNA nanostructures, a variety of programmable RNA nanostructures with defined size, shape, and stoichiometry have been developed for diverse applications. RNA has a flexible structure and contains a large variety of loops and ligands, allowing for folding into various complicated structures. As early as the 1980s, Guo et al. 143 found that the bacteriophage phi29-encoded small RNA had the ability to package DNA into procapsids. This small RNA was called packaging RNA (pRNA). Taking advantages of pRNA, they engineered therapeutic siRNAs and receptor-binding RNA aptamers into RNA NPs and delivered various therapeutic molecules to cancer cells. 144 They then demonstrated that the three-way junction (3WJ) region extracted from pRNA could serve as a platform for constructing trivalent RNA NPs capable of delivering therapeutics. 145, 146 In addition to pRNA, numerous naturally occurring RNA motifs, for example, kissing hairpin loops, paranemic motifs, kink-turns, C-loops, multi-helix junctions, protein binding motifs, and loop/loop-receptor pairs, can be employed toward generating RNA triangles, squares, nanorings, nanocubes, nanocages, and other various 3D nano-scaffolds. 144, [147] [148] [149] [150] [151] Some of these nanostructures have been used for cellular applications through the attachment of functional molecules on the RNA structures. Afonin and colleagues 152 designed a series of interdependent complementary NANPs. By developing computational algorithms, NP interactions were accurately predicted and their re-association process was traced. Taking advantages of the dynamic interaction and conformational changes of NANPs, the system was able to activate multiple functionalities including transcription, Förster resonance energy transfer (FRET), aptamers, and specific gene silencing. For prediction of RNA structures and hybrid interactions of RNA with other molecules, computational tools such as Nano-Tiler, RNA2D3D, HyperFold, NUPACK, and so on have been widely used, [153] [154] [155] [156] [157] [158] which speed up the applications of RNA nanotechnology for biomedical purpose, tissue engineering, biosensing, resistive biomemory, and potential computer logic gate modules.
NA-Based Logic Gate Nanomachine and Molecular Programming
NA-based logic devices were first reported in 1994 by Adleman 159 to address a computational problem related to the famous "traveling salesman" problem with DNA and enzymes. In recent years, by introducing input modules (e.g., NAs, ions, proteins) and computational modules (readable signals), many DNA/RNA-based logic systems were created. 152, 155, 160, 161 Promising applications for autonomous logic gates rested in the development of smart biosensors that could be used for diagnosing disease and mimicking neural networks and memory systems. 162, 163 For example, Saito and colleagues 160 designed several triangle RNA-protein complex nanostructures in vitro using dsRNA motifs. In a remarkable study, they designed protein-responsive RNA nanodevices that include RNA and a small RNA binding protein (RNP). The specific RNA and RNP interactions induced both structural and functional changes in the RNA nanodevices, which further produced a signal conversation between input protein signal and output RNA (aptamer) and protein signals. Such RNA nanodevices could serve as platforms to construct molecular robots that regulate their structures and produce desired functions by sensing cellular signals. Although there has been much successful evidence about NA-based logic devices during the last 10 years, many challenges must be overcome before the practical applications can be realized. The incompatibility of input (for example, small molecules) and output signals (for example, fluorescence), 164 the lack of signal amplification and restoration modules, 165, 166 and slow reaction kinetics between NA 167, 168 and other molecules are critical issues in the future development of next-generation NA-based logic nanodevices.
Stimuli-Responsive Nanocarriers
A stimuli-responsive carrier is referred to a delivery system that recognizes and responds dynamically to the microenvironment in various ways, including protonation, hydrolysis, and conformational change. 169 The concept of stimuli-responsive drug delivery first appeared in the late 1970s. 170 Since then, much attention has been focused on stimuli-responsive materials for drug/gene delivery. By taking advantages of various endogenous stimuli, including variations in pH, redox potential, and the concentrations of enzymes, various pH-, redox-and enzyme-responsive NA delivery systems were developed. Consider the pH-responsive system as an example. The pH variation is one of the most common exploited stimuli to design stimuli-sensitive nanocarriers for NA delivery. The pH values of healthy tissues (~7.4) and the extracellular environment of solid tumors (6.5-7.2) are slightly different, and the pH values of lysosomes (4) (5) or endosomes (5) (6) are much lower than those of cytoplasm. 169 For pH-sensitive nanocarriers, they are constructed to store and stabilize their payloads at physiological pH (~7.4) and rapidly release their payloads when the environmental pH trigger point is reached. Based on this mechanism, researchers applied polymer materials containing ionized groups or acid-labile chemical bonds, as well as pHsensitive fusogenic peptides to build pH-sensitive nanocarriers, for targeted delivery of NAs in lysosome or tumor sites ( Figure 3 ). [171] [172] [173] In addition to pH changes, the microenvironment of some pathological tissues (e.g., tumor) is accompanied by changes in gluta- thione, enzyme (such as metalloproteinase) concentration, and others, making it possible to design a novel redox-sensitive system 174 and enzyme-sensitive system 175 for controlled delivery of NAs.
The most widely applied exogenous stimuli include temperature changes, light, and magnetic fields. Exogenous stimuli-responsive systems are designed according to one or more of those exogenous stimuli. [176] [177] [178] Wang et al. 179 prepared a versatile photothermal gold nanoshell densely packed with heat shock protein 70 (Hsp70) siRNA for cancer therapy. Upon near-infrared light irradiation, siRNAs were released from the gold nanoshell and successfully escaped from endosomes. Meanwhile, due to the high photothermal efficiency of gold, the tumor site temperature increases, which results in hyperthermia therapy in mice under mild temperature. The schematic illustration of this nanoshell is shown in Figure 4 .
Because of the complexity of the biological environment, sometimes it is necessary to design a nanosystem that responds to both internal and external stimuli, e.g., a pH-and light-responsive system and a pH-and magnetic-responsive system. The combination of internal and external stimuli responses will integrate multiple factors to achieve synergistic therapy. Yang et al. 180 developed dual-stimuli-responsive NPs containing light-and pHresponsive polypeptides. Under near-infrared light irradiation, the NPs responded to both laser irradiation and the acidic environment of the tumor site, thus selectively accumulating in the tumor site, and they were taken up by tumor cells. With the extensive exploration of this field, there will be more optimized stimuli-responsive nanosystems with high sensitivity and rapid response to both endogenous and exogenous stimuli for NA delivery in the future.
Exosomes and Nanocells
Other notable examples of advanced nanoscale biotechnology application in the pharmaceutical industry are exosomes and bacterial membrane-like nanocells. Exosomes are a kind of endogenous NPs with a diameter of 30-150 nm that are released by most cells in the body or isolated from extracellular fluids, such as blood, urine, saliva, cerebrospinal fluid, and others. 181 Exosomes contain a large amount of proteins and other active substances found in the parent cell, which play an important role in cell communications. Differing from liposomes and other nanomaterials, the parent cell-derived transmembrane proteins and membrane-anchored proteins inside exosomes promote cellular uptake and achieve directed release of their internal contents. 182 As vehicles derived from organisms, exosomes are safe, avoiding the fate of some synthetic nanomaterials being cleared soon. 183 Hence, using exosomes to deliver NAs, proteins, and other molecules for therapeutic purposes is experiencing an explosion of research, particularly for cancer therapy. In recent research, exosomes derived from normal fibroblast-like mesenchymal cells were engineered to carry short hairpin RNA or siRNA against the mutation Kras G12D of pancreatic cancer. Researchers found that these engineered exosomes suppressed cancer growth in multiple mouse models of pancreatic cancer. 184 In addition, exosomes also show great potential in delivering larger NAs. Endogenous exosomes or exosome-liposome hybrid NPs could even encapsulate plasmid CRISPR-Cas9 and Cas proteins, and they showed positive results in in vivo gene editing. 185, 186 Beyond the above advantages, several issues remain to be addressed with exosomes. Some of the exosome physiological functions and their relationship with pathological outcomes are still unclear. The isolation of exosomes is still time-consuming and non-replicable, making it difficult to get duplicate results from different laboratories.
EnGeneIC Ltd. (Sydney, NSW, Australia) developed a nanocell/minicell platform called EnGeneIC Dream Vector (EDV). 187, 188 It is bacterially derived nanocells/minicells formed by genetically modified bacteria when they divide at their pole and center. EDV contains nonviable nanocells/minicells with a diameter around 400 nm, and it is used to load chemotherapeutic drugs, siRNA, or miRNA. Recently, a clinical trial evaluated the safety, dosage, and activity of minicell-loaded mimic miRNA. Results showed that minicells were safe and could support further studies on minicells combined with chemotherapy or immune checkpoint inhibitors. 187 
Challenges Nanotoxicity
A main challenge in the development of nanoscale biotechnology-assisted NAs therapy is nonspecific toxicity of nanocarriers. Although nanocarriers enhance the stability of NAs and improve their transfection efficiency, the toxicity caused by excipient nanomaterials still exists and remains the primary issue. On the one hand, due to the exposure of nanomaterials and the dramatic increase of surface area, nanomaterials are more reactive, which may lead to extensive interactions between biological systems and cause damage to cells. 189 Some nanomaterials used for NA delivery may exist in the human body for a long time and induce chronic toxicity. On the other hand, some nanocarriers with complex structures may bring unexpected toxicity. To maximize the NA delivery efficiency, nanocarriers are often designed as multi-modified, smart systems. Each additional modification means an extra risk of toxicity. For example, the cationic functional groups obtain better encapsulation of negatively charged NAs; however, their positive charges also cause cell damage due to electrostatic interaction with the negatively charged cell surface. 190 Although nanocarriers may be associated with toxicity, many strategies are used to eliminate such unfavorable factors. For example, chemical modification 191 and pretreatment with anti-allergic drugs before dosing nanoformulation 192 are beneficial.
In addition, since many NANPs are administered intravenously, their immunomodulatory effects are largely unknown and must be defined before translating into the clinic. Recent studies revealed that the immunological recognition of NANPs relies on multiple characteristics, including size, shape, sequence, 3D structure, composition, and connectivity. 193, 194 The unmethylated cytosine-phosphate-guanosine (CpG) oligodeoxynucleotides (ODNs) is known as an immunostimulant. [195] [196] [197] The size and shape have been reported to play vital roles in pharmacokinetic profile and biodistribution of NPs. Compared with RNA monomers, locally administered compact RNA globular structures with intramolecular connectivity induced more interferon (IFN) production. 194 Larger size RNA square, 3D RNA tetrahedron showed a stronger immune response than did smaller, planar RNA NPs. 198 The surface characteristics of NPs, for example, charge, and hydrophobicity influence protein absorption of NPs. When immunoglobulin G (IgG), laminin, or complement proteins are adsorbed on the surface of NPs, specific uptake by immune cells is triggered, which may lead to immune stimulation response. 199 Studies showed that NPs first entered plasmacytoid-like dendritic cells through scavenger receptor-mediated endocytosis, and then the endosomal Toll-like receptors initiated IFN production, thereby generating an immunostimulatory response. 193, 200 In addition to the intrinsic characters of NANPs, delivery systems may play an important role in immunological activity. One study showed that nanocomplexes formed by NAs and delivery systems exhibited immunological activity regardless of their shape, size, composition, and connectivity. 193 This means that by adjusting the assembling of NAs and introducing nanoscaffolds, the desirable immunostimulatory effects or undesirable immunostimulation could be fine-tuned. 196, 197 Taken together, since NANPs can be designed and programmed to exhibit no, low, or high immunostimulation, their application should not be limited by immunotoxicity.
Manufacture and Quality Control
Other problems that may be addressed are related to the manufacture and quality control of NA nanoformulations. Although a large number of nanocarriers have been obtained in the laboratory, which have the functions of endosomal escape, cell targeting, and controlled drug release and are stimuli-responsive, their clinical translation is not so welcome. Sophisticated designs often complicate the potential manufacturing processes, let alone scale-up production and precise quality control. The key strategy for the development of multifunctional nanoformulations is to consider operability, scalability, as well as controllability. In addition, further efforts are needed to develop standardized manufacturing processes to yield nanoformulations of consistent quality and quantity, suitable for stabilized loading of NAs.
Conclusions and Prospects
Nonviral delivery systems have kept the attention of researchers for many years. Numerous nonviral delivery systems have been exploited to deliver NAs by altering their physicochemical properties or using their own nanobiology properties. Some have even shown ideal delivery efficiency clinically, e.g., liposomes, stable NA lipid particles, cyclodextrin-based RONEDL technology, EDV nanocell platform, and others. Besides nanomaterials, particles of biological origin such as exosomes derived from various cells also possess the potential to develop optimally efficient and biocompatible NA delivery systems. Despite all of the advantages, nanoscale biotechnology-based nanocarriers also face nanotoxicity from the materials and manufacturing issues. Such crucial issues need urgently to be addressed in NA therapy. The mechanisms of NPs that interact with biological circumstances (e.g., proteins, immune cells) are important subjects for future study. Furthermore, additional efforts also need to be made to develop specific quality control processes to yield uniform NPs with consistent NA loading efficiency and quantity.
In summary, this review illustrates various types of nanoscale biotechnology-based delivery systems, and it demonstrates the developments and challenges in delivery of NAs.
Diverse techniques currently provide a large number of options, more or less in line with the requirements of broad application. Neverthe-less, further efforts are needed to better understand the nanoscale properties and nanoformulations.
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